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Most human immunodeficiency virus type 1 (HIV-1) strains isolated from the brain use CCR5 for entry into
macrophages and microglia. Strains that use both CCR5 and CXCR4 for entry (R5X4 strains) have been
identified in the brains of some individuals, but mechanisms underlying the persistence of R5X4 viruses
compartmentalized between the brain and other tissue reservoirs are unknown. Here, we characterized changes
in the HIV-1 envelope (Env) that enhance the tropism of R5X4 variants for brain or lymphoid tissue. R5X4
Envs derived from the brains of two individuals had enhanced CCR5 usage in fusion assays compared to R5X4
Envs derived from matched spleen or blood, which was associated with reduced dependence on specific residues
in the CCR5 N terminus and extracellular loop 1 (ECL1) and ECL3 regions. In contrast, spleen/blood-derived
Envs had enhanced CXCR4 usage compared to brain-derived Envs, which was associated with reduced
dependence on residues in the CXCR4 N terminus and ECL2 region. Consequently, brain-derived Envs had
preferential CCR5 usage for HIV-1 entry into the JC53 cell line, could use either CCR5 or CXCR4 for entry
into monocyte-derived macrophages (MDM), and could use CCR5 (albeit inefficiently) for entry into peripheral
blood mononuclear cells (PBMC), whereas the entry of spleen-derived Envs was CXCR4 dependent in all three
cell types. Mutagenesis studies of Env amino acid variants influencing coreceptor usage showed that S306 in
the gp120 V3 region of brain-derived Envs reduces dependence on the CCR5 N terminus and enhances CCR5
usage for HIV-1 entry into PBMC and MDM, whereas R306 in spleen-derived Envs reduces dependence on the
CXCR4 N terminus and confers the CXCR4 restricted phenotype. These results identify mechanisms under-
lying R5X4 HIV-1 persistence in different tissue reservoirs. Tissue-specific changes in the gp120 V3 region that
increase the efficiency of CCR5 or CXCR4 usage, and thereby influence coreceptor preference, may enhance the
tropism of R5X4 strains for CCR5-expressing macrophage lineage cells in the brain and CXCR4-expressing T
cells in lymphoid tissues, respectively.

Human immunodeficiency virus type 1 (HIV-1) establishes
infection in central nervous system (CNS) and peripheral tis-
sues, which poses barriers to effectively treating HIV-1 infec-
tion (2, 16). Resting memory CD4� T cells in blood, spleen,
and lymph nodes (62) and CD16� monocytes in blood (18) are
significant latently infected reservoirs of HIV-1 that prevent
eradication of HIV-1 by highly active antiretroviral therapy.
Microglia and macrophages are target cells for HIV-1 replica-
tion in the brain (reviewed in references 16 and 29). They are
less susceptible to the cytopathic effects of HIV-1 than acti-

vated CD4� T cells (27, 28), so they may continue to shed virus
for the duration of their normal life spans. Since most antiret-
roviral therapies have poor CNS penetration (52, 63), the brain
is a significant reservoir for viral persistence.

The genetic evolution of HIV-1 within the brain is distinct
from that in lymphoid tissues and other organs (references 30
and 33 and references therein). Specific sequences within the
viral envelope glycoprotein (Env), particularly the gp120 V3
region, have been associated with brain infection (reviewed in
reference 16). The genetic compartmentalization of viral vari-
ants in the CNS suggests that adaptive changes may occur in
response to unique constraints of the CNS microenvironment,
such as different target cell populations and immune selection
pressures.

The HIV-1 Env protein is organized into trimers on virions
and consists of the gp120 surface and gp41 transmembrane
subunits. HIV-1 entry into cells is initiated by a high-affinity
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interaction between gp120 and CD4, which induces a confor-
mational change in gp120 that exposes the binding site for a
chemokine coreceptor, which is either of the seven transmem-
brane-spanning G protein-coupled receptors CCR5 and CXCR4
(11, 12). Current models of gp120 binding to the coreceptor
suggest the gp120 V3 loop interacts principally with the corecep-
tor second extracellular loop (ECL2) region, while the gp120
bridging sheet formed between the C1, C2, and C4 domains of
gp120 after CD4 binding interacts with the coreceptor N terminus
(4, 8, 21, 38). There may be functional redundancy for the core-
ceptor N terminus if the V3 loop has an enhanced interaction
with the coreceptor ECL2 region (43). The V3 loop of gp120 is
the primary determinant of coreceptor specificity (5, 37), and
bioinformatics algorithms based on the V3 amino acid sequence
have been developed to predict whether HIV-1 uses CCR5 or
CXCR4 for virus entry (39, 57, 70). While the coreceptor N
terminus and ECL2 region appear to be important for gp120-
coreceptor binding, the ECL1 and ECL3 regions may also influ-
ence the coreceptor function of G protein-coupled receptors (13,
14, 20). The interaction of CD4-bound gp120 with the coreceptor
induces additional conformational changes in gp120, which leads
to a structural rearrangement in gp41 that enables fusion and
virus entry.

The tropism of HIV-1 for particular target cell populations
in different tissue compartments is influenced by the corecep-
tor used by HIV-1 Env for virus entry (16, 31). Macrophage-
tropic HIV-1 primarily uses CCR5 (R5) as a coreceptor (1, 6,
15), whereas T-cell line-tropic viruses use CXCR4 (X4) (23).
Dual-tropic viruses can use both coreceptors (R5X4) (7, 73).
However, while R5X4 viruses isolated from blood may use
either CCR5 or CXCR4 for HIV-1 entry into macrophages
(73), they principally use CXCR4 for HIV-1 entry into CD4�

T cells (74).
CCR5 is the principal coreceptor for HIV-1 infection of

macrophages and microglia and is the coreceptor used by most
viruses isolated from the brain and cerebrospinal fluid (CSF)
[(references 30 and 33 and references therein). Only three
cases in which R5X4 HIV-1 has been isolated from the brain
have been reported (30, 33, 48, 50), suggesting that persistence
of R5X4 HIV-1 in the brain is rare. However, many brain-
derived HIV-1 strains have been characterized by V3 sequence
rather than traditional phenotypic assays (10, 42, 47, 56, 59–61,
64). Recent studies suggest V3 sequence-based algorithms may
underestimate the frequency of CXCR4 usage by R5X4 HIV-1
strains (46, 48), and in fact, the reported brain-derived HIV-1
strains that have the R5X4 phenotype in HIV-1 entry assays
are scored as “R5-like” viruses using these algorithms (48).
Therefore, it is likely that the frequency of R5X4 HIV-1 vari-
ants in the brain has been underestimated. Consequently,
mechanisms underlying the persistence of R5X4 viruses com-
partmentalized between the brain and other tissue reservoirs
are poorly understood. In this study, we characterized changes
in gp120 contributing to compartmentalization of R5X4 Envs
between the brain and matched lymphoid tissues.

MATERIALS AND METHODS

Cells. Peripheral blood mononuclear cells (PBMC) were purified from the
blood of healthy HIV-1-negative donors, stimulated with 5 �g of phytohemag-
glutinin (Sigma, St. Louis, MO) per ml for 3 days, and cultured in RPMI 1640
medium supplemented with 10% (vol/vol) fetal calf serum (FCS), 100 �g of

penicillin and streptomycin per ml, and 20 U of interleukin-2 (Roche, Basel,
Switzerland) per ml. Monocyte-derived macrophages (MDM) were produced
from elutriated monocytes that were cultured for 5 days in RPMI 1640 medium
supplemented with 10% (vol/vol) pooled human sera, 100 �g of penicillin and
streptomycin per ml, and 12.5 ng of macrophage colony-stimulating factor per
ml. Cf2-Luc cells (19), derived from the Cf2th canine thymocyte cell line (6) and
stably expressing the luciferase gene under the control of the HIV-1 long ter-
minal repeat, were cultured in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% (vol/vol) FCS, 100 �g of penicillin and streptomycin per
ml, and 0.7 mg of G418 per ml. Cf2-CD4/CCR5 cells (71) were cultured in
DMEM supplemented with 10% (vol/vol) FCS, 100 �g of penicillin and strep-
tomycin per ml, 0.5 mg of G418 per ml, and 0.1 mg of hygromycin per ml.
Cf2-CD4/CXCR4 cells (65) were cultured in DMEM supplemented with 10%
(vol/vol) FCS, 100 �g of penicillin and streptomycin per ml, 0.5 mg of G418 per
ml, and 1 �g of puromycin per ml. JC53 cells, derived from the HeLa cell line and
stably expressing high levels of CD4, CXCR4, and CCR5 on the cell surface (55),
were cultured in DMEM supplemented with 10% (vol/vol) FCS and 100 �g of
penicillin and streptomycin per ml. 293T cells were cultured in DMEM supple-
mented with 10% (vol/vol) FCS and 100 �g of penicillin and streptomycin per ml.

Primary HIV-1 isolates and Env clones. The primary R5X4 HIV-1 isolates
Macs1-BR and Macs1-SPLN were isolated from autopsy brain and spleen tissue
samples from an AIDS patient with dementia and HIV-1 encephalitis by cocul-
ture with CD8-depleted PBMC. These viruses have been described in detail
previously (30, 33). Full-length primary R5X4 HIV-1 Envs cloned from brain
biopsy tissue or blood (aBR01, aBL01, dBR02, and dBR07) have been described
previously (50).

PCR amplification, HIV-1 Env cloning, identification of functional Envs, and
sequence analysis. Viral RNA was purified from Macs1-BR and Macs1-SPLN
isolates using a Qiaamp UltraSens Virus purification kit (Qiagen) according to
the manufacturers’ protocol. cDNA was generated using SuperScript III reverse
transcriptase (Invitrogen) and random hexamers according to the manufacturers’
protocol. An approximately 2.1-kb fragment spanning the KpnI-BamHI restric-
tion sites in HIV-1 env (corresponding to nucleotides 6348 to 8478 in HXB2) was
amplified from cDNA by PCR using nested primers and Expand high-fidelity
DNA polymerase (Roche Diagnostics), as described previously (34, 50, 65). The
outer primers were env1A and env1M (26), and the inner primers were Env-
KpnI and Env-BamHI (34, 50). PCR cycling consisted of an initial denaturation
step at 94°C for 2 min, followed by 9 cycles of 94°C for 15 s, 60°C for 30 s, and
72°C for 2 min and then a further 20 cycles of 94°C for 15 s, 60°C for 30 s, and
72°C for 2 min, but with a 5-s increasing extension time for each cycle, followed
by a final extension at 72°C for 7 min. The products of three independent PCRs
were purified, pooled, and then cloned into the pSVIII-HXB2 Env expression
plasmid (26) by replacement of the 2.1-kb KpnI-BamHI HXB2 env fragment.
Thus, the resulting Env clones contained the entire gp160 coding region of
primary virus-derived env genes, except for 36 amino acids at the N terminus and
105 amino acids at the C terminus, which were derived from HXB2. Six func-
tional Env clones from each virus were identified by the ability to support entry
when pseudotyped onto Env-deficient green fluorescent protein (GFP) reporter
viruses and used in single-round entry assays in JC53 cells, as described previ-
ously (65, 67). The coreceptor usage of functional Env clones was verified by
single-round entry assays in Cf2-CD4/CCR5 and Cf2-CD4/CXCR4 cells infected
with Env-pseudotyped GFP reporter viruses, as described previously (34, 65).
The Envs were sequenced by Big Dye terminator sequencing (Applied Biosys-
tems) and analyzed using a model 3100 Genetic Analyzer (Applied Biosystems).

Env mutagenesis. Mutagenesis to exchange amino acids at positions 306
and/or 369 in gp120 of Macs1-BR-3 and Macs1-SPLN-12 Envs was performed
using the QuikChange II site-directed mutagenesis kit (Stratagene) according to
the manufacturer’s instructions. The primers used in the mutagenesis studies are
available upon request. Env mutants were sequenced in their entirety to confirm
the presence of the mutated residue.

Fusion assays. Fusion assays were conducted as described previously (17, 32,
33, 65, 67). Briefly, 293T effector cells cotransfected with 3.4 �g of Env-express-
ing plasmid and 0.6 �g pSVL-Tat plasmid using Lipofectamine 2000 (Invitrogen)
were mixed with Cf2-Luc target cells that had been cotransfected with 2 �g of
pcDNA3-CD4 and 6 �g of pcDNA3-CCR5 or pcDNA3-CXCR4 and incubated
at 37°C in replicate wells of 96-well tissue culture plates containing 200 �l of
culture medium. Cells from replicate wells were harvested at 2, 4, 6, 8, 10, and
12 h postmixing and assayed for luciferase activity (Promega) according to the
manufacturers’ protocol. 293T cells transfected with pSVL-Tat alone were used
as negative controls to determine the background level of luciferase activity,
which was subtracted from fusion assays. In some experiments, plasmids express-
ing CCR5 mutants (Y10A, D11A, Y14A, Y15A, H88A, Y89A, H181A, Y184A,
Q188A, K197A, E262A, and F264A) or CXCR4 mutants (�4-36, R183A,
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D193A, and F199A) with attenuated coreceptor activity, which have been de-
scribed previously (4, 13, 20), were used. In experiments with coreceptor mu-
tants, the 10-h time point was used for analysis. To control for cell surface Env
expression levels in 293T effector cells, Env expression was measured by flow
cytometry using pooled AIDS serum and a fluorescein isothiocyanate-conjugated
anti-human F(ab�)2 immunoglobulin (Chemicon), as described previously (65).

Production and quantitation of Env-pseudotyped luciferase reporter viruses.
Env-pseudotyped luciferase reporter viruses were produced by transfection of
293T cells with pCMV�P1�envpA, pHIV-1Luc, and pSVIII-Env plasmids using
Lipofectamine 2000 (Invitrogen) at a ratio of 1:3:1, as described previously (34,
65, 72). The supernatants were harvested 48 h later, filtered through 0.45-�m
filters, and stored at �80°C. The 50% tissue culture infective doses (TCID50) of
virus stocks were determined by titration in JC53 cells.

HIV-1 entry assays. Ten thousand JC53 cells were inoculated with 100 TCID50

of Env-pseudotyped luciferase reporter virus (equating to a multiplicity of infec-
tion [MOI] of 0.01) in a volume of 100 �l for 12 h at 37°C. The cells were washed
twice with culture medium to remove residual inoculum and incubated for a
further 72 h at 37°C. Two hundred thousand PBMC were inoculated with 2,000
TCID50 of Env-pseudotyped luciferase reporter virus (equating to an MOI of
0.01) in a volume of 100 �l for 12 h at 37°C. The cells were washed twice with
culture medium to remove residual inoculum and incubated for a further 72 h at
37°C. Fifty thousand MDM were inoculated with 2,000 TCID50 of Env-
pseudotyped luciferase reporter virus (equating to an MOI of 0.04) in a volume
of 100 �l for 12 h at 37°C. The cells were washed twice with culture medium to
remove residual inoculum and incubated for a further 96 h at 37°C. In experi-
ments measuring the inhibition of HIV-1 entry by maraviroc and/or AMD3100,
cells were either left untreated or preincubated for 30 min with 1 �M of each
inhibitor prior to inoculation with virus. In drug-treated cells, the drug concen-
trations were maintained during virus inoculation and the subsequent culture
period. At the end of the culture period, HIV-1 entry was measured by assaying
luciferase activity in cell lysates (Promega), according to the manufacturer’s
protocol. Negative controls included mock-infected cells that were incubated
with culture medium instead of virus and cells inoculated with luciferase reporter
virus pseudotyped with the nonfunctional �KS Env (19). After the background
luciferase activity was subtracted, the amount of luciferase activity in cells treated
with maraviroc and/or AMD3100 was expressed as a percentage of that in
untreated cells. In studies using HIV-1 entry assays, two independent prepara-
tions of reporter virus were used.

Nucleotide sequence accession numbers. The Macs1-BR and Macs1-SPLN
Env nucleotide sequences reported here have been assigned GenBank accession
numbers FJ687532 to FJ687543.

RESULTS

Functional R5X4 HIV-1 Env clones derived from the brain
and other tissues. We previously identified R5X4 HIV-1 from
the brains of three subjects with HIV-associated dementia
(HAD) (30, 33, 48, 50). Primary HIV-1 isolates were derived
from autopsy specimens of the brain and spleen of subject
Macs1 (Macs1-BR and Macs1-SPLN, respectively) and were
R5X4 phenotype in Cf2-Luc cells expressing CD4 and CCR5
or CXCR4 (30). Full-length Envs were cloned directly from
the brain biopsy tissue or blood of subject A (aBR01 and
aBL01, respectively) and from brain biopsy tissue of subject D
(dBR02 and dBR07) (50) and were R5X4 phenotype in fusion
assays and single-round entry assays, although aBR01 Env
used CXCR4 weakly compared to CCR5 (50). No functional
Envs were obtained from the blood of subject D. There are no
other reported cases of R5X4 HIV-1 isolated from the brain
(48).

To investigate the mechanisms underlying R5X4 HIV-1 per-
sistence in different tissue compartments, the gp160 coding
region of Macs1-BR and Macs1-SPLN viruses was cloned into
the pSVIII-Env expression plasmid (26) for comparison with
the phenotype of the aBR01 and aBL01 Envs. Six functional
Env clones from each virus were identified based on the ability
to support entry of Env-pseudotyped GFP reporter viruses into

CD4/CXCR4/CCR5-expressing JC53 cells (data not shown).
These Envs, referred to hereafter as Macs1-BR-2, -3, -4, -5, -6,
and -8 and Macs1-SPLN-3, -4, -7, -10, -12, and -15, were fur-
ther characterized for the ability to use CCR5 or CXCR4 for
entry into Cf2th cells expressing CD4 and either coreceptor as
described previously (65). Reporter viruses pseudotyped with
R5 ADA, X4 HXB2, or R5X4 89.6 Env were used as controls
and entered cells expressing CCR5, CXCR4, or both CCR5
and CXCR4, respectively (data not shown). All Envs from
Macs1-BR and Macs1-SPLN used both CCR5 and CXCR4 for
virus entry, indicating an R5X4 phenotype (data not shown).
Thus, we established a panel of functional R5X4 Envs from the
known cases of brain R5X4 HIV-1 infection and, where pos-
sible, from matched lymphoid tissue or blood.

Coreceptor-dependent fusion of R5X4 Envs. A quantitative
cell-cell fusion assay was used to compare the abilities of brain-
and spleen/blood-derived R5X4 Envs to mediate CCR5- or
CXCR4-dependent fusion (Fig. 1). Compared to spleen/blood-
derived Envs, Macs1-BR and aBR01 Envs mediated greater
levels of fusion in cells expressing CD4 and CCR5 (Fig. 1A).
Conversely, compared to brain-derived Envs, Macs1-SPLN and
aBL01 Envs mediated greater levels of fusion in cells expressing
CD4 and CXCR4 (Fig. 1B). Similar levels of gp120 were detected
on the surfaces of effector cells by flow cytometry (data not
shown). These data indicate greater CCR5-dependent fusogenic-
ity by the brain-derived R5X4 Envs and greater CXCR4-depen-
dent fusogenicity by the spleen/blood-derived R5X4 Envs.

Coreceptor preference of R5X4 Envs for HIV-1 entry. To
determine whether R5X4 Envs from different tissue compart-
ments have altered coreceptor preferences for HIV-1 entry,
luciferase reporter viruses pseudotyped with Macs1-BR and
Macs1-SPLN Envs were produced and used to inoculate JC53
cells that were treated with inhibitory concentrations of the
CCR5 inhibitor maraviroc, the CXCR4 inhibitor AMD3100,
or a combination of both inhibitors. Luciferase reporter
viruses pseudotyped with ADA, HXB2, or 89.6 Env were
used as controls (Fig. 2A). The entry of viruses pseudotyped
with Macs1-SPLN Envs was almost completely inhibited by
AMD3100, similar to virus pseudotyped with the 89.6 Env, but
was only marginally inhibited by maraviroc (Fig. 2B). In con-
trast, the entry of viruses pseudotyped with Macs1-BR Envs
was more potently inhibited by maraviroc than by AMD3100.
The combination of both compounds completely inhibited the
entry of all viruses. Thus, Macs1-SPLN Envs use CXCR4 al-
most exclusively for HIV-1 entry into JC53 cells, whereas
Macs1-BR Envs can use either coreceptor for HIV-1 entry but
have a preference for CCR5.

Dependence of R5X4 Envs on N-terminal and ECL regions
of CCR5 and CXCR4. To elucidate differences in the mecha-
nisms of coreceptor usage by the brain- and spleen/blood-
derived R5X4 Envs, fusion assays were conducted with target
cells expressing CD4 and a mutant coreceptor containing
amino acid alterations in the N terminus or ECL1, ECL2, or
ECL3 region of CCR5 or CXCR4 that attenuated coreceptor
activity (Fig. 3). Compared to Macs1-SPLN and aBL01 Envs,
Macs1-BR and aBR01 Envs mediated greater levels of fusion
in cells expressing CCR5 with mutations in the N-terminal
(Y15A), ECL1 (H88A), and ECL3 (E262A and F264A) re-
gions (Fig. 3A and C). Compared to Macs1-BR and aBR01
Envs, Macs1-SPLN and aBL01 Envs mediated greater levels of
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fusion in cells expressing CXCR4 with a large deletion in the N
terminus (�4-36) and with a mutation in the ECL2 region
(R183A) (Fig. 3B and D). There were no significant differ-
ences in levels of fusion between brain- and spleen/blood-
derived Envs in cells expressing CCR5 with mutations in the
ECL2 region (H181A, Y184A, Q188A, and K197A), in cells
expressing CCR5 with other mutations in the N-terminal
(Y10A, D11A, and Y14A) and ECL1 (Y89A) regions, and in
cells expressing CXCR4 with other mutations in the ECL2
(D193A and F199A) region (data not shown). Similar levels of
gp120 were detected on the surfaces of effector cells by flow
cytometry (data not shown). Thus, brain-derived R5X4 Envs
from both subjects had reduced dependence on specific resi-
dues in the CCR5 N terminus and ECL1 and ECL3 regions for
CCR5-dependent fusion, suggesting more efficient CCR5 us-
age. In addition, the spleen/blood-derived R5X4 Envs from
both subjects had reduced dependence on the CXCR4 N ter-
minus and R183 in the ECL2 region for CXCR4-dependent
fusion, suggesting more efficient CXCR4 usage.

Analysis of HIV envelope sequence. To investigate the mech-
anisms underlying the divergent patterns of CCR5 and

CXCR4 usage by brain- and spleen-derived R5X4 Envs, re-
spectively, the gp120 regions of the Macs1-BR and Macs1-
SPLN clones were sequenced and analyzed to identify amino
acid variants that might influence coreceptor usage. Amino
acid alignments of gp120 showed that all of the Envs were
unique, and phylogenetic analysis showed distinct clustering
between brain- and spleen-derived sequences (data not
shown). Two amino acid changes distinguished brain- and
spleen-derived Env sequences (Fig. 4A). Serine was present at
position 369 within a CD4 binding domain in the C3 regions of
six of six Macs1-SPLN Envs, whereas proline was present at
this position in six of six Macs1-BR Envs and 89.6 R5X4 Env,
which may influence the efficiency of CD4 binding. Arginine
was present at position 306 in the V3 loops of six of six Macs1-
SPLN Envs and 89.6 Env, whereas serine was present at this
position in six of six Macs1-BR Envs. Amino acid 306 was in
position 11 in the V3 loop of gp120; the presence of a basic
amino acid at this position or at position 25 in V3 is a predictor
of CXCR4 usage (39, 57). Since the Macs1-BR Envs lack basic
amino acids at either position, bioinformatics prediction pro-
grams score these Envs as “R5-like” despite being functionally

FIG. 1. CCR5- and CXCR4-dependent fusion of brain- and spleen/blood-derived R5X4 Envs. Fusion assays were performed using 293T
effector cells expressing Macs1-BR or Macs1-SPLN Envs (left) or aBR01 or aBL01 Envs (right) and Cf2-Luc target cells expressing CD4 and CCR5
(A) or CXCR4 (B), as described in Materials and Methods. The data shown are representative of three independent experiments and are expressed
as mean values from duplicate wells; the error bars represent standard deviations. P values were calculated using a nonparametric Mann-Whitney
U test; *, P � 0.05; **, P � 0.01.
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R5X4 (48). These results suggest that the lack of a basic amino
acid at position 306 in the V3 loop region of Macs1-BR Envs
may favor CCR5 usage.

gp120 amino acid variants influencing coreceptor prefer-
ence. Mutagenesis was performed to determine the influence

of amino acid variations at positions 306 and 369 on preferen-
tial CCR5 and CXCR4 usage by brain- and spleen-derived
R5X4 Envs, respectively, for HIV-1 entry into JC53 cells. The
S306R mutation in Macs1-BR-3 Env rendered luciferase re-
porter virus completely resistant to inhibition by maraviroc and
almost completely sensitive to inhibition by AMD3100, similar
to Macs1-SPLN-12 (Fig. 4B) and 89.6 Envs (Fig. 2A). The
R306S mutation in Macs1-SPLN-12 Env rendered luciferase
reporter virus partially sensitive to inhibition by either mara-
viroc or AMD3100, similar to Macs1-BR-3 Env. Additional
mutagenesis studies showed that P369 and S369 had no effect
on coreceptor preference when these amino acids were ex-
changed either in isolation or in combination with S306R or
R306S Env mutations (data not shown). Thus, R306 in gp120
confers preferential CXCR4 usage by Macs1-SPLN Envs for
HIV-1 entry into JC53 cells, whereas S306 (or the lack of a
basic amino acid at this position) enables Macs1-BR Envs to
use either CCR5 or CXCR4 for HIV-1 entry.

V3 loop alterations influence dependence of R5X4 Envs on
the CCR5 or CXCR4 N terminus. To determine the influence
of S306 in Macs1-BR Envs or R306 in Macs1-SPLN Envs on
reduced dependence on N-terminal and ECL regions of CCR5
and CXCR4, respectively, parental and mutant Envs were used
in fusion assays with cells expressing wild-type or mutant co-
receptors (Fig. 5). Compared to parental Envs, the S306R
mutation in Macs1-BR-3 Env caused an approximately twofold
reduction in fusion levels in cells expressing the CCR5 Y15A
mutant, whereas the R306S mutation in Macs1-SPLN-12 Env
caused an approximately sixfold increase in fusion levels (Fig.
5A). However, compared to parental Envs, the S306R muta-
tion in Macs1-BR-3 Env caused an approximately sixfold in-
crease in fusion levels in cells expressing the CXCR4 �4-36
mutant, whereas the R306S mutation in Macs1-SPLN-12 Env
caused an approximately fivefold decrease in fusion levels (Fig.
5B). Similar levels of gp120 were detected on the surfaces of
effector cells by flow cytometry (data not shown). These results
suggest S306 reduces the dependence of brain-derived R5X4
Envs on Y15 in the CCR5 N terminus for CCR5-dependent
fusion and that R306 reduces the dependence of spleen-de-
rived R5X4 Envs on the CXCR4 N terminus for CXCR4-
dependent fusion. There were no significant differences in lev-
els of fusion between parental and mutant Envs in cells
expressing CCR5 H88A, CCR5 E262A, CCR5 F264A, or
CXCR4 R183A mutants (data not shown). Together, these
data suggest that amino acid variations at position 306 in gp120
influence changes in the dependence of R5X4 Envs on the
CCR5 or CXCR4 N terminus but do not influence changes in
dependence on residues in the ECL regions.

V3 loop alterations influence coreceptor utilization of R5X4
Envs for HIV-1 entry into primary cells. Previous studies
showed that most blood-derived R5X4 strains of HIV-1 can
use CCR5 or CXCR4 for HIV-1 entry into macrophages, with
coreceptor preference dependent on the strain, but are
CXCR4 restricted for entry into PBMC (74). Since the brain-
and spleen-derived R5X4 Envs have altered coreceptor pref-
erences for HIV-1 entry into JC53 cells (Fig. 2) and have
amino acid alterations in the V3 region of gp120 that influence
coreceptor preference (Fig. 4), we next determined the core-
ceptors used by these Envs for HIV-1 entry into PBMC or
MDM and the influence of V3 loop alterations on coreceptor

FIG. 2. Coreceptor preference for HIV-1 entry into JC53 cells.
JC53 cells were treated with maraviroc (1 �M), AMD3100 (1 �M), or
both inhibitors prior to infection with equivalent infectious units of
Env-pseudotyped luciferase reporter virus, as described in Materials
and Methods. Untreated cells contained no inhibitor. HIV-1 entry was
measured by luciferase activity in cell lysates and expressed as a per-
centage of entry in untreated cells. (A) Inhibition of HIV-1 entry in
cells inoculated with luciferase reporter virus pseudotyped with ADA,
HXB2, or 89.6 Env. The data are expressed as mean values from
triplicate infections, and the error bars represent standard deviations.
(B) Inhibition of HIV-1 entry in cells inoculated with luciferase re-
porter virus pseudotyped with Macs1-BR Envs (clones Macs1-BR-2,
-3, -4, -5, -6, and -8) or Macs1-SPLN Envs (clones Macs1-SPLN-3, -7,
-10, and -12). The titers of luciferase reporter viruses pseudotyped with
Macs1-SPLN-4 and -15 Envs were not sufficient for these experiments
and subsequent entry assays. Box plots were constructed from the
mean values of triplicate infections with each virus using Prism version
5.0a (GraphPad Software, San Diego, CA.). The boxes represent up-
per and lower quartiles and median scores, and the whiskers represent
minimum and maximum values. The results are representative of three
independent experiments. P values were calculated using a nonpara-
metric Mann-Whitney U test; **, P � 0.01.
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usage. In primary cell experiments, luciferase reporter viruses
pseudotyped with ADA, HXB2, or 89.6 Envs were used as
controls for entry assays in PBMC (Fig. 6A), and reporter
viruses pseudotyped with ADA or 89.6 Envs were used as
controls for entry assays in MDM (Fig. 6C).

In PBMC, maraviroc was unable to inhibit the entry of
brain- and spleen-derived R5X4 Envs at detectable levels, but
AMD3100 inhibited the entry of brain- and spleen-derived
R5X4 Envs by approximately 70% and 80%, respectively (Fig.
6B). These results suggest that, unlike JC53 cells, brain-derived
R5X4 Envs exhibit preferential CXCR4 usage for entry into
PBMC. The combination of both inhibitors was unable to
further inhibit the entry of spleen-derived R5X4 Envs, suggest-
ing these Envs are CXCR4 restricted for entry into PBMC,
similar to 89.6 Env (Fig. 6A) and primary blood-derived R5X4
HIV-1 strains (74). However, the combination of both agents
inhibited the entry of brain-derived R5X4 Envs by an addi-
tional 30%, achieving complete inhibition, indicating that
brain-derived R5X4 Envs may use CCR5 for entry into PBMC,
albeit at lower efficiency than CXCR4.

In MDM, maraviroc was unable to inhibit the entry of
spleen-derived R5X4 Envs and inhibited the entry of brain-
derived R5X4 Envs to variable levels, but AMD3100 com-
pletely inhibited the entry of spleen-derived R5X4 Envs and

inhibited the entry of brain-derived R5X4 Envs by approxi-
mately 60% (Fig. 6D). The combination of both inhibitors
completely inhibited the entry of brain-derived R5X4 Envs.
Thus, as in PBMC, spleen-derived R5X4 Envs are CXCR4
restricted for entry into MDM whereas brain-derived R5X4
Envs may use either CCR5 or CXCR4 for HIV-1 entry.

We next investigated the influence of Ser or Arg at position 306
in gp120 on coreceptor utilization for HIV-1 entry into PBMC or
MDM using Env mutants. In PBMC, entry of the Macs1-BR-3
S306R Env mutant was completely inhibited by AMD3100 with
no further inhibition by the combination of both AMD3100 and
maraviroc, similar to Macs1-SPLN-12 Env (Fig. 7A). Conversely,
entry of the Macs1-SPLN-12 R306S Env mutant was incom-
pletely inhibited by AMD3100 and was completely inhibited by
the combination of both AMD3100 and maraviroc, similar to
Macs1-BR-3 Env. In MDM, entry of the Macs1-BR-3 S306R Env
mutant was not inhibited by maraviroc and was completely inhib-
ited by AMD3100, similar to Macs1-SPLN-12 Env (Fig. 7B).
Conversely, entry of the Macs1-SPLN-12 R306S Env mutant was
partially inhibited by maraviroc or AMD3100 and was completely
inhibited by the combination of both maraviroc and AMD3100,
similar to Macs1-BR-3 Env. Together, these results indicate R306
confers a CXCR4-restricted phenotype on spleen-derived R5X4
Envs for HIV-1 entry into PBMC and MDM, whereas S306 in

FIG. 3. Dependence on N-terminal and ECL regions of CCR5 and CXCR4. Fusion assays were performed using 293T effector cells expressing
Macs1-BR, Macs1-SPLN, aBR01, or aBL01 Env and Cf2-Luc target cells expressing CD4 and either wild-type CCR5 or a CCR5 mutant (C) or
either wild-type CXCR4 or a CXCR4 mutant (D), as described in Materials and Methods. 293T cells expressing 89.6 Env were included as controls.
Panels A and B illustrate the regions in CCR5 and CXCR4, respectively, where the mutations were present. After the background was subtracted,
luciferase activity in fusion assays with mutant coreceptors was expressed as a percentage of that in fusion assays with wild-type coreceptor. Each
data point in fusion assays with Macs1-BR and Macs1-SPLN Envs represents the mean value of duplicate wells for each clone. Since only single
Env clones were available for aBR01 and aBL01 Envs (and 89.6 Env), each data point in fusion assays with these Envs represents an individual
duplicate. The results are representative of four independent experiments. P values were calculated using a nonparametric Mann-Whitney U test;
*, P � 0.05.
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brain-derived R5X4 Envs (or lack of a basic residue at this posi-
tion) permits HIV-1 entry into both primary cell types via CCR5.

DISCUSSION

In this study, we showed that R5X4 Envs isolated from the
brains of two individuals with AIDS had enhanced ability to
use CCR5 associated with reduced dependence on residues in
the CCR5 N terminus and ECL1 and ECL3 regions, whereas
R5X4 Envs isolated from the spleen or blood of the same
individuals had enhanced ability to use CXCR4 associated with
reduced dependence on the CXCR4 N terminus and specific
residues in the ECL2 region. These data were generated using
R5X4 Envs from two of the three published cases of brain-
derived R5X4 HIV-1 infection (30, 33, 48, 50) and from all
cases where functional R5X4 Envs from paired brain and lym-

phoid tissue viruses were available, and they provide evidence
that brain- and lymphoid tissue-derived R5X4 Envs exist as
hair trigger conformations (54) that do not require strong
interactions with multiple domains of CCR5 or CXCR4, re-
spectively, for HIV-1 entry. Infection of perivascular macro-
phages and microglia in the brain is mediated principally via
CCR5. Importantly, we showed that brain-derived R5X4 Envs
can use CCR5 for HIV-1 entry into primary cells including
MDM, whereas R5X4 Envs from matched lymphoid tissue are
CXCR4 restricted. Furthermore, the brain-derived R5X4 Envs
had reduced dependence on the CCR5 N terminus, which, in
derivatives of the R5 HIV-1 strain JRCSF (53) and primary R5
viruses isolated from late stages of HIV-1 infection (40) that
have similar phenotypes, is due to increased affinity for the
CCR5 ECL2 region, which results in increased efficiency of
CCR5 usage. Therefore, our results support a model in which

FIG. 4. Analysis of Env determinants influencing coreceptor preference. Amino acid sequences of gp120 were obtained from each of the
Macs1-BR and Macs1-SPLN Env clones, as described in Materials and Methods. (A) amino acid alignments of residues 296 to 370 (relative to the
numbering of amino acids in HXB2 Env) from Macs1-BR and Macs1-SPLN Envs compared to 89.6 Env. The dots indicate residues identical to
those of 89.6 Env. Amino acids 306 and 369 in the V3 loop and CD4bs, which are the only amino acid changes differentiating all Macs1-BR from
all Macs1-SPLN Envs, are highlighted. (B) JC53 cells were treated with maraviroc (1 �M), AMD3100 (1 �M), or both inhibitors prior to infection
with equivalent infectious units of luciferase reporter virus pseudotyped with Macs1-BR-3, Macs1-BR-3 S306R, Macs1-SPLN-12, or Macs1-
SPLN-12 R306S Env, as described in Materials and Methods. Untreated cells contained no inhibitor. HIV-1 entry was measured by luciferase
activity in cell lysates and expressed as a percentage of entry in untreated cells. The data are expressed as mean values from triplicate infections,
and the error bars represent standard deviations. The results are representative of three independent experiments.
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the persistence of R5X4 HIV-1 strains in the brain is mediated
through alterations in the Env that increase the efficiency of
CCR5 usage for HIV-1 entry, augmenting their ability to use
CCR5 for entry into macrophage lineage cells. However, this
study is inherently limited by the small number of brain-de-
rived R5X4 viruses presently available. The identification and
characterization of additional R5X4 viruses derived from the
brain are required to fully understand the mechanisms con-
tributing to R5X4 HIV-1 neurotropism.

The molecular mechanisms underlying the divergent pat-
terns of coreceptor usage by brain- and lymphoid tissue-de-
rived R5X4 Envs were studied using Macs1-BR and Macs1-
SPLN Envs. The presence of S306 at position 11 in the V3 loop
region of gp120 enabled brain-derived R5X4 Envs to use
CCR5 preferentially for HIV-1 entry into the JC53 cell line

and to use CCR5 for HIV-1 entry into PBMC and MDM. In
contrast, the presence of R306 in spleen-derived R5X4 Envs
caused a CXCR4-restricted phenotype in all cell types exam-
ined. Studies characterizing the influence of V3 loop amino
acid variants on the mechanism of coreceptor usage showed
that S306 or R306 in brain- and spleen-derived R5X4 Envs,
respectively, reduced dependence on residues in the corecep-
tor N terminus, but not on residues in other ECL regions that
influenced coreceptor function. Current models of gp120-co-
receptor interactions suggest initial binding between the V3
loop of gp120 and the coreceptor ECL2 region and subsequent
interactions between the gp120 bridging sheet and the core-
ceptor N terminus (4, 8, 21, 38). However, the degree of de-
pendence for the coreceptor N terminus is related to the
strength of the interaction between V3 and the coreceptor
ECL2 region (43, 53), suggesting a degree of functional redun-
dancy for interaction with the N terminus by Envs with en-
hanced coreceptor usage. Thus, amino acid changes in V3 that
differentiate brain- from spleen-derived R5X4 Envs enhance
the interaction between gp120 and CCR5 or CXCR4, respec-
tively. These data suggest distinct mechanisms of R5X4 HIV-1
persistence in different tissue compartments involving changes
in the V3 loop of gp120 that enhance the ability of brain-
derived R5X4 strains to use CCR5 for entry into macrophage
lineage cells and that of spleen-derived R5X4 strains to use
CXCR4 for entry into CD4� T cells.

Although functionally dual tropic, Macs1-BR and aBR01
Envs have gp120 sequences that are typical of R5 viruses,
principally because these Envs lack basic residues at positions
11 and 25 in the gp120 V3 loop and are scored as R5 Envs by
bioinformatics algorithms (48). Other functionally dual-tropic
Envs derived from blood, including those from subjects C2 and
DR (34), are also scored as R5 Envs by bioinformatics algo-
rithms (48). The database sequence sets used to validate these
algorithms are heavily dependent on R5 sequences, and they
have recently been shown to underestimate the frequency of
CXCR4 usage by R5X4 HIV-1 strains isolated from the
brain and other tissues (46, 48). These results underscore
the importance of phenotypic assays to accurately determine
the coreceptor usage of HIV-1. In addition, since many
previous studies have characterized brain-derived HIV-1 as
R5 or macrophage tropic by V3 sequence without using
traditional phenotypic assays (10, 42, 47, 56, 59–61, 64), the
results of our study suggest the frequency of R5X4 viruses in
the brain may be underestimated.

These observations have significance for understanding
HIV-1 pathogenesis and for the development of antiviral ther-
apies. Neurotropic R5X4 viruses in the brain may have a dif-
ferent mechanism of neurotoxicity than neurotropic R5 vi-
ruses. While neurotoxicity by R5 viruses is indirect through the
release of neurotoxic viral proteins, cytokines, and metabolites
from infected or activated macrophages (29), R5X4 viruses in
the brain may directly cause damage to neurons. Although
neurons do not express CD4 and are not infected by HIV-1, a
subpopulation expresses cell surface CXCR4 (24, 25). Soluble
or virion-associated gp120 from R5X4 or X4 viruses can bind
to CXCR4 expressed on neurons in the absence of CD4 and
thereby induce signaling and apoptosis (41, 49, 75). These
results are consistent with our previous studies of the
Macs1-BR and Macs1-SPLN primary isolates, which showed

FIG. 5. Env V3 determinants influencing dependence on the CCR5
and CXCR4 N termini. Fusion assays were performed using 293T
effector cells expressing Macs1-BR-3, Macs1-BR-3 S306R, Macs1-
SPLN-12, or Macs1-SPLN-12 R306S Env and Cf2-Luc target cells
expressing CD4 and either wild-type (WT) CCR5 or the CCR5 Y15A
mutant (A) or either wild-type CXCR4 or the CXCR4 �4-36 mutant
(B), as described in Materials and Methods. After the background was
subtracted, luciferase activity in fusion assays with mutant coreceptors
was expressed as a percentage of that in fusion assays with wild-type
coreceptor. The data are expressed as mean values from duplicate
wells, and the error bars represent standard deviations. The results are
representative of three independent experiments.
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that these viruses induced greater levels of neuronal apoptosis
in primary fetal brain cultures than R5 viruses isolated from
the brain (30, 33). Thus, direct interactions between R5X4
HIV-1 and CXCR4 expressed on neurons may induce neuro-
nal apoptosis or dysfunction. Since neuroactive highly active
antiretroviral therapy presently offers only partial clinical ben-
efit to patients with HAD (9, 45), the development of adjunc-
tive therapies is being explored to reduce neurological injury
during HIV-1 infection (51). Our results suggest that ap-
proaches to prevent neurological injury with adjunctive thera-
pies should accommodate direct, as well as indirect, mecha-
nisms of HIV-1 neurotoxicity. Furthermore, characterizing the
HIV-1 phenotype in CSF, for example, using the Trofile assay
(Monogram Biosciences), which is commonly used to deter-
mine HIV-1 coreceptor usage in plasma (3), may assist in
deciding optimized treatment regimens for subjects with HAD.

The CCR5 inhibitor maraviroc was recently approved for
use as an HIV-1 antiretroviral in treatment-experienced adults
with demonstrable circulating R5 HIV-1 (22, 35). Another
CCR5 inhibitor with a similar mechanism of action, vicriviroc,
has recently completed phase II clinical testing in treatment-
experienced and -naïve subjects (36, 44). Studies of rats

showed that maraviroc has poor penetration into the CNS,
suggesting the therapeutic index of maraviroc may be insuffi-
cient to mediate antiviral effects in the brain (69). The ability
of vicriviroc to penetrate the CNS has not been firmly estab-
lished, but preliminary studies of rats suggest vicriviroc may
penetrate the CNS better than maraviroc (66), and there are
important pharmacologic differences between maraviroc and
vicriviroc that suggest that vicriviroc may be better able to
achieve therapeutic concentrations in the CNS of humans.
Maraviroc is a substrate for the P glycoprotein drug trans-
porter, whereas vicriviroc is not, and maraviroc is less lipophilic
than vicriviroc (58, 68, 69). Further studies are required to
determine the pharmacokinetics of both CCR5 inhibitors for
CNS penetration in humans. However, should CCR5 inhibi-
tors reach therapeutic concentrations in the human brain or
subtherapeutic concentrations high enough to potentially pro-
mote drug resistance or selection of drug-insensitive HIV-1
variants, then the brain as a potential reservoir of R5X4 HIV-1
may need to be considered when using CCR5 inhibitors to
treat HIV-1 infection.

Our studies identified the mechanisms underlying R5X4
HIV-1 persistence in different tissue reservoirs. Tissue-specific

FIG. 6. Coreceptor usage for HIV-1 entry into PBMC and MDM. PBMC (A and B) or MDM (C and D) were treated with maraviroc (1 �M),
AMD3100 (1 �M), or both inhibitors prior to infection with equivalent infectious units of Env-pseudotyped luciferase reporter virus, as described
in Materials and Methods. Untreated cells contained no inhibitor. HIV-1 entry was measured by luciferase activity in cell lysates and expressed
as a percentage of entry in untreated cells. The overall levels of HIV-1 entry in untreated PBMC or MDM by the brain- and spleen-derived Envs
were comparable and were at least 500-fold greater than background levels (data not shown). (A and C) Inhibition of HIV-1 entry in cells
inoculated with luciferase reporter virus pseudotyped with ADA, HXB2, or 89.6 Env. The data are expressed as mean values from triplicate
infections, and the error bars represent standard deviations. (B and D) Inhibition of HIV-1 entry in cells inoculated with luciferase reporter virus
pseudotyped with Macs1-BR Envs or Macs1-SPLN Envs. Box plots were constructed from mean values of triplicate infections with each virus using
Prism version 5.0a (GraphPad Software, San Diego, CA.). The boxes represent upper and lower quartiles and median scores, and the whiskers
represent minimum and maximum values. The data are expressed as mean values from triplicate infections, and the error bars represent standard
deviations. The results are representative of three (PBMC) or four (MDM) independent experiments with cells obtained from different donors.
P values were calculated using a nonparametric Mann-Whitney U test; *, P � 0.05; **, P � 0.01.
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changes in the V3 region of gp120 that increase the efficiency
of CCR5 or CXCR4 usage and thus influence coreceptor pref-
erence may enhance the tropism of R5X4 HIV-1 strains for
CCR5-expressing macrophage lineage cells in the brain and
CXCR4-expressing T cells in lymphoid tissues, respectively.
Understanding the molecular determinants governing the per-
sistence of R5X4 HIV-1 in different tissue reservoirs may ad-
vance strategies to eradicate virus from protected sanctuary
sites, such as the CNS, and the development of adjunctive
therapies to prevent neurological injury in HAD.
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